We make use of the images from the Sloan Digital Sky Survey Stripe 82 (Stripe 82) to present an analysis of r band surface brightness profiles and radial color gradients (g − r, u − r) in our sample of 111 nearby early-type galaxies (ETGs). Thanks to the Stripe 82 images, each of which is co-added from about 50 single frames, we are able to pay special attentions to the low-surface-brightness areas (LSB areas) of the galaxies. The LSB areas make a difference to the Sérsic fittings and concentration indices, making both the indices less than the typical values for ETGs. In the Sérsic fits to all the surface brightness profiles, we found some Sérsic indices range from 1.5 to 2.5, much smaller than that of typical de Vaucouleur profiles and relatively close to that of exponential disks, and some others much larger than 4 but still with accurate fitting. Two galaxies cannot be fitted with single Sérsic profile, but once we try double Sérsic profiles, the fittings are improved: one with a profile relatively close to de Vaucouleur law in the inner area and a profile relatively close to exponential law in the LSB area, the other with a nice fitting in the inner area but still a failed fitting in the outer area. There are about 60% negative color gradients (red-core) within 1.5R e , much more than the approximately 10% positive ones (blue-core) within the same radius. However, taking into account of the LSB areas, we find that the color gradients are not necessarily monotonic: about one third of the red-core (or blue-core) galaxies have positive (or negative) color gradients in the outer areas. So LSB areas not only make ETGs' Sérsic profiles deviate from de Vaucouleur ones and shift to the disk end, but also reveal that quite a number of ETGs have opposite color gradients in inner and outer areas. These outcomes remind us the necessity of double-Sérsic fitting. These LSB phenomena may be interpreted by mergers and thus different metallicity in the outer areas. Isophotal parameters are also discussed briefly in this paper: more disky nearby ETGs are spotted than boxy ones.
INTRODUCTION
Early-type galaxies (ETGs), including elliptical galaxies (Es) and bulge-dominated S0 galaxies (S0s), are generally known to be dynamically simple stellar systems of homogeneous stellar population, devoid of dust, cool gas and young blue stars. However, they are far from relaxation and their morphological variety (e.g., Es' triaxial/oblate shapes and S0s' disks) implies that they originated by different means. The spatial distribution of stellar population properties in ETGs are the chemodynamical fossil imprints of galaxy formation and evolution mechanisms. The study of surface brightness profiles and radial color profiles of ETGs sheds light on the star formation history and buildup of the stellar population, and thus provides important clues to understand galaxy formation and evolution.
As a generalization to de Vaucouleur's R 1 4 law, Sérsic's (1963 Sérsic's ( , 1968 ) R 1 n model is widely used to describe the stellar distributions in galaxies. The stellar distributions of ETGs are equivalent to the surface brightness distributions in terms of optical observations, including Sloan Digital Sky Survey (SDSS). Even early-type stellar systems are somewhat mixtures of bulge and disk components, which combines to result in the intermediary form between R 1 4 bulge and R 1 1 disk, i.e., the R 1 n profile. Now except for decomposing an image into its separate components, galaxies are modeled with a single Sérsic profile (e.g., Blanton et al. 2003) .
The colors of ETGs get bluer from the center outwards (Boroson et al. 1983; Kormendy & Djorgovski 1989; Franx & Illingworth 1990; Peletier et al. 1990a Peletier et al. , 1990b Michard 1999; Idiart et al. 2002; de Propris et al. 2005; Wu et al. 2005; La Barbera & De Carvalho 2009) . The negative color gradients are believed to be metallicity-dominated (Ferreras et al. 2009 , Spolaor et al. 2010 ) in spite of the famous age-metallicity degeneracy (Worthey 1994) , although whether or not they evolve with cosmic time is still under debate (e.g., Hinkley & Im 2001 ). Classic collapse model (Eggen et al. 1962; Larson 1974a Larson , 1974b Larson , 1975 Carlberg 1984) suggests that ETGs form in high redshift without subsequent secondary star formation, while others (Hinkley & Im 2001) indicate that secondary bursts/accretions may occur at moderate redshifts. Recent studies discovered a significant fraction of positive color gradients (Michard 1999 , Ferreras et al. 2005 , Elmegreen et al. 2005 , Suh et al. 2010 , which have something to do with age gradients in addition to metallicity gradient (Silva & Elston 1994 , Michard 2005 . Age gradients could result from galaxy mergers (e.g., Toomre & Toomre 1972) where star formation events continue or occur episodically. Actually, a remarkable fraction of ETGs at high redshifts exhibit positive color gradients as results of mergers or inflows , Marcum et al. 2004 , Ferreras et al. 2005 , Elmegreen et al. 2005 ). This phenomena suggest that secondary star formation events take place at the centers of these ETGs. In consistent with these results, some poststarburst galaxies such as E+A galaxies have positive color gradients, which then evolve into negative ones as the population ages (e.g., Yang et al. 2008) . This paper presents results from surface photometry of 111 nearby luminous ETGs from SDSS Stripe 82 (Frieman et al. 2008 , Sako et al. 2008 in three bands, u, g and r. We use Sérsic profiles to fit their r band surface brightness profiles, and we measure their color profiles of g −r and u−r. Benefitted from the co-added images of SDSS Stripe 82, we pay attention to the low-surface-brightness areas (LSB areas) of the ETGs and influences from the LSB areas to the Sérsic fits and the radial color gradients. Section 2 describes the sample and the data reduction. Section 3 presents the results of the Sérsic fits, the analyses of color gradients and isophotal parameters. Section 4 is a brief discussion for the previous section. Finally, we summarize the conclusions in Section 5. Except where stated otherwise, we assume a ΛCDM cosmology with Ω m = 0.3 and H 0 = 70kms
SAMPLE AND DATA REDUCTION

ETG Selection in SDSS Stripe 82
SDSS Stripe 82 is part of the SDSS-II supernova survey (Frieman et al. 2008 , Sako et al. 2008 . A 2.5 degree wide region along the celestial equator from −59 <RA< 59 is imaged repeatedly in 303 runs (plus 2 coadd runs) for three months (September, October and November) in each of three years (2005) (2006) (2007) . Each image is co-added from 50 ordinary SDSS images of the same object, each of which has the exposure time of 52 seconds. So the co-added Stripe 82 images are about 2 magnitudes deeper than single frames. With the extra depth, some features invisible in single images are revealed in the LSB outer areas. Fig. 1 shows two examples of the LSB structures and Table 1 gives the information of the two ETGs (in our sample). These are two examples of our sample of 111 ETGs, the vast majority of which are chosen from a larger sample of more than 400 galaxies according to the following criteria: Petrosian r < 15, z < 0.02 and FracDev r > 0.9, which mean that they are all strictly nearby luminous early-type stellar systems. FracDev indicates how close a galaxy is in accordance with de Vaucouleur profile: 1 means typical de Vaucouleur profile. The larger sample of more than 400 luminous galaxies are chosen merely according to r < 15, so it includes irregular ones, spiral ones and early-type ones. Then eyeball review adds some obvious ETGs into the sample, even if some of them has FracDev r < 0.9.
1D Surface Photometry with Sérsic Fits and Measurement of Color Gradients
All the images that we used are corrected by the SDSS photometric pipeline (flat-fielded, sky-subtracted, etc..). SDSS pipeline may sometimes overestimate the sky background, but our scientific purpose is not about the absolute values of the surface brightness. The 2046 × 1489-pixel frames are sampled with 0 ′′ .396 × 0 ′′ .396 pixels. The PSF in r band is also 0 ′′ .396. The zero points of photometry are 24.80, 25.11 and 24.63 in r, g and u band respectively.
We have 111 images in each band and thus 333 frames in all the three wavebands. For each of the 333 images, now that the sky background has been subtracted, we use SExtractor to generate segment image to mask all the sources other than the target. In order to have a neat and complete mask, we adopt the 'automatic+manual' scheme. First, we expand the segments appropriately, leaving the target and the sources close to the target not masked. Second, we mask any contaminations on target as well as any other sources close to our target manually in the interactive mode of ELLIPSE. ELLIPSE is the 1D surface photometry task in the STSDAS ISOPHOTE package in Image Reduction Facility (IRAF).
1 Secondly, we measure the surface brightness along elliptical annuli in r band using ELLIPSE. ELLIPSE is run twice for r band. We adopt the coordinates of the centers of the galaxies provided by SDSS, since we have tested their accuracy one by one by an extra run of ELLIPSE and find that the average values are no more than one pixel different from the SDSS ones. So in the first run, the centers of all the isophotes are fixed, while the position angle (PA) and the ellipticity (e) are set free as functions of radius, as well as the surface brightness (µ). The steps of the semi-major axis (SMA) are nonlinear within the upper limit of 800 pixels (ELLIPSE parameter maxsma=800). Neighboring isophotes may contact or cross each other in the first run, when the 'maximum sma length for iterative mode' (ELLIPSE parameter maxrit) is the same with 'maxsma'. So in the second run, 'maxrit' is reduced to such an extent that no neighboring isophotes contact or cross each other, which can be tell by the PA profile and the e profile -they should vary continuously without any jump or break. We then convert the photometric table to a spreadsheet and import its useful columns (SMA, INTENS, ELLIP, MAG, MAG LERR, MAG UERR, A4) into MATLAB to calculate isophotal parameters e, a 4 /a and to plot the surface brightness profile. 2 We apply single Sérsic fit to the profile to give the least-squares estimate of the three fitting parameters: Sérsic index n, effective radius R e and µ e , the surface brightness within R e . We use this R e as R 50 and adopt R 90 from SDSS) to calculate concentration index in r band, C r = R 90 /R 50 . Please note that before fitting, the innermost 2PSF region of the profile is truncated as well as the outermost end of the profile where the brightness approaches the sky level. So even if the innermost pixels are saturated, it does not matter.
Thirdly, we apply the same set of isophotes from the photometry in r band to the photometry in u and g bands so that the surface brightness profiles in all the three bands have exactly the same steps of radii. Hence, simple subtractions between surface brightness profiles give radial color profiles. We divide each color profile into two regions: the inner region 0.5R e -1.5R e and the outer LSB region 1.5R e -4R e . The former region is for the convenience of comparing our analyses on color gradients with others' works (e.g., Suh et al. 2010) , for previous statistical works discuss color profiles in the same region more or less: within 0.5R e is approximately the region affected by seeing, while beyond 1.5R e , single SDSS images can hardly give enough signal-to-noise ratio. The 1.5R e -4R e region is for our emphases on the LSB areas, beyond which noise dominates. Sérsic's (1963 Sérsic's ( , 1968 ) R 1 n model is commonly expressed as an intensity profile (e.g., Sparke & Gallagher 2007) .
RESULTS
Sérsic Fits and Concentration Indices
where I e is the intensity at effective radius R e , and b n is selected to make sure so that the effective radius R e encloses half of the total light from the model (Ciotti 1991 , Caon et al. 1993 . However, the photometric results are in the units of magnitude, which by definition should be converted from intensity with the formula
So the actual format of the Sérsic's empirical formula that are used in fitting is
where
The deduction and approximation of b n can be referred to Graham & Driver (2005) . In Appendix Table A.1 and Table A .2, we list the photometric results. We do find quite a number of de Vaucouleur profiles ( Fig. 2) with n ≈ 4, but there are also several 1.5 < n < 2.5 profiles which are relatively close to exponential disks (Fig. 3) . Furthermore, a couple of profiles have Sérsic indices much larger than 4 but can still be fitted well with single Sérsic profile (Fig. 4) , while only two profiles cannot be fitted with single Sérsic at all (Fig. 5) . However, once we try curve fitting with double Sérsic profiles, one of the two above-mentioned ones is fitted much better with an inner n = 4.68 curve and an outer n = 1.45 curve (Fig. 6 Left), which indicates that this ETG may be classified as elliptical galaxy with single SDSS image but actually turns out to be an S0 system once its LSB region is revealed. But the other one still cannot be fitted well even with double Sérsic profiles (Fig. 6 Right), no matter how we change the initial value of n, µ e and R e or how we try different radii where the two curves meet. This failure indicates that the components of this ETG can hardly be distinguished with 1D Sérsic fit or fits.
In a word, we encounter the aforementioned four kinds of Sérsic fits and get a quite large range of Sérsic indices for the sample which is supposed to contain only strict early-types whose Sérsic indices should be closely concentrated to 4. The histogram of Sérsic indices presents the results clearly (Fig. 7 Left) : the distribution of Sérsic indices has a peak at about 3-3.5 and a scatter from 1.5 to 8.5. The histogram of concentration indices shows a consistent result (Fig. 7 Right): most ETGs in our sample have concentration indices smaller than 2.5 while the typical value for ETGs is C r = R 90 /R 50 > 2.6. These two histograms correlate with each other to imply that the LSB areas of the ETGs make a noticeable difference in Sérsic fits. On one hand, single Sérsic profile may be misleading and thus double-Sérsic fitting is needed. On the other hand, the LSB regions of the profiles make the ETGs' photometric properties shift to the disk end.
Radial Color Profiles
Radial color gradient is defined by its slope (Wu et al. 2005 , Suh et al. 2010 )
We examine g −r and u−r profiles from 0.5R e -1.5R e and 1.5R e -4R e respectively in order to compare the slopes in the two colors and to compare the slopes in the two regions, paying extra attention to the outer LSB regions. The histograms of the g − r and u − r slopes tell us two direct statistical results ( n model. Left: the LSB region reveals that it is actually an S0 system which may be misinterpreted as an elliptical without LSB region. Right: double Sérsic profiles still fail to fit the curve, whose components can hardly be recognized by 1D Sérsic fit.
irrespective of g − r or u − r. Secondly, there are more positive gradients in g − r than in u − r regardless of 0.5R e -1.5R e or 1.5R e -4R e . Now that we have two colors, we can define a 'red-core' ETG as follows: if both its g − r and u − r color in the inner region show negative gradients, we call it a 'red-core' ETG. Similarly, we have a 'blue-core' galaxy if its g − r and u − r colors in the inner region both show positive gradients. According to these definitions, we have 62 red-core ETGs, taking up to 60% of the whole sample and 13 blue-core ones, taking up to a much smaller portion, approximately 10%. All the color gradients of all the 108 galaxies with reliable photometric results are listed in Appendix Table A.1 and Table A .2. The outcome that there are more red-core ETGs agree with the results of Suh et al. (2010) , who report 11% 'red-core' versus 4% 'blue-core' in a large sample of 5002 ETGs, although the disagreement in the absolute portions has something to do with our different method of defining 'red-core'/'blue-core'. Since the blue-core ones are relatively rare, we would like to give an instance in Fig. 9 , which may also help to illustrate how our color profiles look like.
When we move to the LSB regions, we find that 27 of the 62 red-core ETGs show positive u − r gradient and 31 of the 62 red-core ETGs show positive g − r gradient in their LSB regions respectively. 19 of the 62 red-core ETGs show both positive u − r gradient and positive g − r gradient in their LSB regions, taking up to almost 1/3 of all the red-core ETGs. Consistently, 10 of the 13 blue-core ETGs show positive u − r gradient and 5 of the 13 blue-core ETGs show positive u − r gradient in their LSB regions respectively. 4 of the 13 blue-core ETGs show both positive u − r gradient and positive g − r gradient in the LSB regions, also taking up to about 1/3 of the blue-core ETGs. All in all, the colors of red-core ETGs do not get bluer outwards monotonically, and the colors of blue-core ones do not get redder outwards monotonically either. Fig. 10 presents two examples of the 19 'abnormal' red-core ETGs.
Isophotal Shapes
ELLIPSE actually does not draw isophotes but a series of ellipses that approximately match the isophotes. The intensity along an ellipse is given in Fourier series:
where I 0 is the intensity averaged over the ellipse, and A n , B n are the higher order Fourier coefficients. For isophotes of perfect ellipses, these coefficients should be zeros. 'A4', as the output of ELLIPSE, is actually A 4 divided by SMA a, i.e., A 4 /a. Hao et al. (2006) proved in their appendix that A 4 /a is essentially just a 4 /a, which is used by Bender et al. (1988 Bender et al. ( , 1989 to tell whether an elliptical galaxy is disky (a 4 > 0) or boxy (a 4 < 0). a 4 /a is calculated from INTENS and A4. It is the weighted mean value of A4 over 2PSF to 1.5R e with intensity counts (INTENS) as the weight. e is calculated similarly (Bender et al. 1988 (Bender et al. , 1989 . From the histogram of a 4 /a (Fig. 11) , we find that there are much more disky ETGs than boxy ones in our sample. We plot a 4 /a versus e in Fig. 12 to see whether or not at higher e, the deviations of the isophotes from perfect ellipses are larger (Hao et al. 2006) . But due to the fact that our sample is not meant to be a complete and large one, we do not see clear trend in the diagram. However, it is plausible that at higher e, the ETGs are more likely to be S0s instead of Es, no wonder a 4 /a deviates from zero. 
Fig. 8
Upper: the histogram of g − r gradients. Lower: the histogram of u − r gradients. The solid lines are the histogram of the gradients in the inner region of 0.5R e -1.5R e , while the dotted lines are the histograms of the gradients in the outer 1.5R e -4R e region. The dash-dot lines mark the threshold for positive/negative gradient.
DISCUSSION
The results in Section 3.1 remind us that Sérsic fit may not be that robust as we thought before. In addition, the quality of Sérsic fitting relies much on where to truncate the surface brightness profiles. In a trial when we did not abandon the innermost 2PSF regions, we got the peak of Sérsic indices at around 2.5, the typical value for S0 systems. The innermost 2PSF regions are affected by seeing effects and possible stellar cusps. Truncating the outer region also matters: as we have tried double Sérsic profiles for the aforementioned two ETGs in Section 3.1, if we choose not to fit the outer regions purposely, the results of Sérsic fits may alter accordingly. Admittedly, this likelihood agrees with our discovery that the LSB regions matter a lot in 1D photometry and fitting.
Another issue is the definition of 'red-core'/'blue-core' ETGs. Suh et al. (2010) measured the g − r color for 5002 galaxies and set a reliable threshold for 'red-core'/'blue-core', i.e., the 0.5σ confidence level (Figure 2 ., Suh et al. 2010) . We think that this threshold works and helps a lot in picking out the ETGs with noticeable color gradient. However, we cannot use this definition in this work. Since we have a small sample of 111 luminous nearby galaxies, If we still stick to the threshold, then a large portion of our sample may fall into the category of 'no noticeable color gradient', leaving the number of the remaining ones not enough for statistical analyses. So we measure the u − r color in addition to g − r in the hope that the signs of the slopes of the two colors agree with each other, so that even if any single color cannot give a gradient above the threshold, the consistency between the two colors still approves a real color gradient. Fortunately, we examine all the ETGs to find that only one of them have a positive g − r gradient and a negative u − r slope. So we think that our definition of 'red-core'/'blue-core' is also reliable.
As to the fact that one third of red-core ETGs go red (one third of the blue-core ETGs go blue) in the LSB region, we think that a plausible interpretation involves galaxy mergers. Chang et al. (2006) found that massive ETGs are redder than less massive ones, and color is more sensitive to metallicity rather than age. Spolaor et al. (2010) point out that massive ETGs have less obvious metallicity gradients. These and other discoveries both imply that the opposite color gradients between the LSB regions and the inner regions may owe to metallicity gradients as remnant of mergers. In the future, we can investigate the spectra of the LSB areas for the ETGs with opposite color gradients so as to resolve the age-metallicity degeneracy to see radial metallicity profiles. For problems cannot be solved by 1D photometry, we can also try 2D surface photometry with tools such as GALFIT.
SUMMARY
In this paper, we present surface photometry and radial color gradients of nearby luminous early-type galaxies. The 2 magnitudes' extra depth of SDSS Stripe 82 provide us the opportunity to investigate into the low-surface-brightness areas. In the first place, we find that LSB regions make some Sérsic profiles of our high-FracDev ETGs deviate from de Vaucouleurs profile and shift to the exponential end. Then we find up to 60% red-core ETGs and approximately 10% blue-core ones, but red-core/blue-core ETGs do not necessarily have monotonic color gradients. On the contrary, about one third of the red-core/bluecore ETGs show opposite color gradients between inner regions and LSB regions, which may owe to galaxy mergers and subsequent radial metallicity gradients. Finally, we find that there are more disky ETGs in our sample and we also try to use the a 4 /a-e diagram to show that ETGs with higher e values tend to have isophotes that deviate more from perfect ellipses. The bins are divided according to the histogram of e so that each bin contains approximately the same number of galaxies. We can see a 4 /a deviates from zero and its scatter increases as e increases, although the trend is not convincing enough here. 
